We report on observations of spin dynamics in single Yb + ions immersed in a cold cloud of spinpolarized 6 Li atoms. This species combination has been proposed to be the most suitable system to reach the quantum regime in atom-ion experiments. For 174 Yb + , we find that the atomic bath polarizes the spin of the ion by 93(4) % after a few Langevin collisions, pointing to strong spinexchange rates. For the hyperfine ground states of 171 Yb + , we also find strong rates towards spin polarization. However, relaxation towards the F = 0 ground state occurs after 7.7(1.5) Langevin collisions. We investigate spin impurity atoms as possible source of apparent spin-relaxation leading us to interpret the observed spin-relaxation rates as an upper limit. Using ab initio electronic structure and quantum scattering calculations, we explain the observed rates and analyze their implications for the possible observation of Feshbach resonances between atoms and ions once the quantum regime is reached.
I. INTRODUCTION
In recent years, a novel field of physics and chemistry has developed in which cold trapped ions and ultracold atomic gases are made to interact with each other . These efforts were motivated by the prospect of attaining ultra-cold ions [22] by e.g. sympathetic cooling [16, [23] [24] [25] with atoms, probing atomic systems with ions [26] and proposals to use the system for quantum computation [27, 28] and quantum simulation [29] . However, these ideas require reaching ultra-cold temperatures to enter the quantum regime which has proven very hard. The main problem is posed by the time-dependent trapping field of the Paul trap used to confine the ions. During a collision between an atom and an ion, energy can be transferred from this field to the system, limiting attainable temperatures [3, 4, 16, 24, [30] [31] [32] [33] [34] [35] . In reference [31] , it was calculated that the lowest temperatures may be reached for the largest ion/atom mass ratios m i /m a . In this work, we employ the ion/atom combination with the highest mass ratio of all species that allow for straightforward laser cooling, m i /m a ≈ 24-29 given by Yb + /Li. For this combination, the quantum (or s-wave) regime is attained at a collision energy of k B · 8.6 µK, which should be in reach in state-of-the-art setups [35] .
For ion-atom mixtures to be used in quantum technology applications -in which quantum information will be stored in the internal states of the ions and atoms -it is required that spin-changing collision rates are small [36] . In a recent experiment Ratschbacher et al. [14] showed very fast spin dynamics in Yb + interacting with Rb atoms. Besides fast spin exchange -which conserves the total spin of the collision partners -strong spinnonconserving rates known as spin-relaxation were observed. Very recently, spin-dynamics were also measured in Sr + /Rb [19] . Tscherbul et al. [37] calculated that an exceptionally large second-order spin-orbit coupling in Yb + /Rb provides a mechanism for the observed spinrelaxation rates. For Yb + /Li the second-order spin-orbit coupling is expected to be much smaller [37] . A detailed knowledge about the spin-dependence in cold atom-ion collisions gives insight into the possibilities of finding magneto-molecular (Feshbach) resonances between the atoms and ions [38] [39] [40] [41] . These play a pivotal role in neutral atomic systems for tuning the atom-atom interactions and find widespread application in studying atomic quantum many-body systems [38, 42] . In ion-atom mixtures, their existence has been predicted [39, 40] , but they have not been observed so far since the required low temperatures have not been reached. These considerations make an experimental study of the spin-dynamics in Yb + /Li of key interest. In this work, we investigate the spin dynamics of single trapped Yb + ions in a cold, spin-polarized bath of 6 Li atoms. We prepare specific (pseudo-) spin states in the ion by optical pumping and microwave pulses. Electron shelving and fluorescence detection allow us to determine the spin state after interacting with the atomic cloud. For 174 Yb + we find that the cloud of atoms polarizes the spin of the ion by 93(4) %. Our results indicate a very large spin-exchange rate of 1.03(12) · γ L , whereas spinrelaxation rates are estimated to be ≤ 0.08(4) · γ L . Here, γ L = 2πρ Li C 4 /µ = 22(7) s −1 is the Langevin collision rate, with ρ Li the density of Li atoms at the location of the ion, C 4 is proportional to the polarizability of the atom and µ is the reduced mass. For the 171 Yb + isotope, we prepare all four hyperfine ground states and measure all decay rates. As in 174 Yb + , we find strong rates towards spin polarization. However, relaxation from the m F = 1 state towards the F = 0 ground state occurs at a rate of 0.13(3) · γ L . All relevant energy levels of both Yb + isotopes can be seen in Fig. 1 . We combine ab initio quantum scattering calculations with the measured spin dynamics. Interestingly, we find in our calculations that even in the mK temperature regime the spinexchange rates still depend strongly on the difference between assumed singlet (a S ) and triplet (a T ) scattering lengths. A similar effect was observed in [43, 44] . Our results indicate a large difference between the singlet and triplet scattering lengths in Yb + / 6 Li, which will be beneficial for the observation of Feshbach resonances. Our electronic structure calculations also confirm that spinnonconserving relaxation rates due to second-order spinorbit coupling should be smaller than for Yb + /Rb [37] .
II. EXPERIMENT
A. Setup
The experimental setup has been described in detail in Ref. [45] . In short, a cloud of magnetically trapped 6 Li atoms in the 2 S 1/2 |F = 3/2, m F = 3/2 electronic ground state is prepared 2.1 cm below the ion. The atoms are transported towards the ion by adiabatically changing the magnetic field minimum position to a position 150 µm below the ion, where the ∼ 400 µm wide cloud interacts with the ion for a period of time t int . Afterwards, the atoms are transported back, released from the trap and imaged on a CCD camera. Approximately 7·10 6 atoms interact with the trapped ion at a peak density of 49(15)·10 14 m −3 and a temperature of T a = 0.6(2) mK. The energy of the ion is composed of its micromotion in the Paul trap and its secular energy. Before the experiment, we measured and compensated the ion's excess micromotion in all three dimensions as described in Ref. [45] . We estimate a residual excess micromotion energy of ≈ 2 mK per direction. We employ microwave sideband spectroscopy on a single 171 Yb + ion [46, 47] and infer an ion temperature in the secular motion of ≈ 4 mK after Doppler cooling and a heating rate of less than 4 mK/s. The combined energy of the ion is E Yb /k B ≤ 20 mK during the experiments. Due to the large mass ratio m i /m a , however, the collision energy During the interaction, the ion experiences a magnetic field of 0.42 mT caused by the magnetic trap. The energy splitting of the ion's magnetic sublevels is therefore kept small, allowing for spin-exchange. Following each experimental run, control measurements are performed to verify the conservation of the ionic spin in the sequence when no atoms are loaded.
B. Spin preparation and detection

FIG. 2.
Probability for finding an ion in the bright state versus duration of the 329 nm shelving pulse. When initially prepared in the |↓ state (red/gray) the ion remains unshelved with a probability of 28(3) %, whereas in the case of |↑ (black) the ion is only shelved off-resonantly. The data is shown along with an analytic model that involves all relevant levels.
To initialize the
174 Yb + ion in a Zeeman level of the 2 S 1/2 ground state, we apply a pulse of resonant circularly polarized light on the 369 nm cooling transition along the trap axis. A small magnetic bias field pointing either parallel or anti-parallel along the trap axis is used to prepare each of the two Zeeman states. We measure the optical pumping efficiency by comparing the fluorescence during the optical pumping pulses for the correct σ-polarization and the fluorescence for linear polarization with the case where no ion is present. From these measurements we obtain an optical pumping efficiency of 98.5(6) % for the | 2 S 1/2 , m J = 1/2 = |↑ state and 97.8(7) % for the | 2 S 1/2 , m J = −1/2 = |↓ state. To detect the spin state after the interaction with the cloud of atoms, we state-selectively shelve the ion into the long-lived 2 F 7/2 state as sketched in Fig. 1 (left) . We therefore apply a homogeneous magnetic field of 72.5 mT to separate the 2 S 1/2 → 2 P 3/2 transitions by 680 MHz and irradiate a shelving pulse resonant with the |↓ → | 2 P 3/2 , m J = −3/2 transition, allowing for a decay channel via 2 D 5/2 to the 2 F 7/2 state with a probability of 72(3) % [48] [49] [50] . We measure the probability for finding the ion being still in the 2 S 1/2 ground state by switching off the magnetic field after the shelving and subsequent detection of the fluorescence during Doppler cooling. The remaining population in the 2 S 1/2 state then contains both the unshelved and the imperfectly shelved Zeeman state. After state detection we depopulate the metastable 2 F 7/2 state using a pulse of 638 nm light to re-enter the cooling cycle.
The resulting probabilities to find the population unshelved as a function of shelving pulse length is shown in Fig. 2 for the ion being initially prepared in either |↓ (red) or |↑ (black). We model the data using a rate equation that involves all relevant levels and a saturation parameter of s = 0.12, matching our observations. We obtain a probability of 9(1) % for the |↑ state to be off-resonantly shelved after 80 µs of shelving light. If the ion is prepared in the |↓ state, we find a probability of 28(3) % to remain unshelved.
To study the dynamics of the 171 Yb + hyperfine states, we initialize the ion in F = 0 via optical pumping [51] and apply a microwave pulse (rapid adiabatic passage) to prepare one of the three F = 1 sublevels before the interaction with the atoms. After the interaction, we measure the population in the F = 1 state by state-selective fluorescence imaging to obtain a signal proportional to Fig. 1 
(right).
To analyze the population in each of the magnetic sublevels, we invert p |1,m F with p |0,0 by applying a second microwave pulse before detection to get a signal proportional to 1 − p |1,m F .
III. RESULTS
A.
174 Yb
+
We scan the atom-ion interaction time t int in units of the inverse Langevin rate 1/γ L for 174 Yb + initially prepared in one of the two spin states. The results are shown in Fig. 3 . When the ion is initialized in |↓ (red discs), around one Langevin collision is sufficient to flip its spin. In contrast, when initialized in the |↑ state (green squares), the ion keeps its initial polarization. We fit the data to a two-level rate equation model [14] ,
where
are the probabilities to find an ion prepared in |m J to be in the bright state when no atoms were loaded (lower and upper gray bars in the plot), resembling the limits of our optical pumping and shelving technique. P ∞ b is the equilibrium probability to appear bright after interaction with the atomic cloud. For the equilibration rate we obtain γ eq = 1.1(1) · γ L . In the two-level model γ eq = γ + + γ − , with γ ± the rates for ∆m J = ±1 transitions of the Zeeman state respectively. From the control measurements (without atoms) we get P 
B.
171 Yb
+
The data obtained in the determination of population in the hyperfine states of 171 Yb + was fitted by the solutions of the four-level coupled rate equations
with the dot denoting the time derivative and the decay matrix
where Γ m F denote the rates from |1, m F to |0, 0 and γ m F ,m F denote the rates from |1, m F to |1, m F . Note that we assumed the ∆m F = ±2 rates to be zero and that transitions changing the total angular momentum by ∆F = +1 are energetically forbidden due to the 12.6 GHz hyperfine splitting. To obtain analytic solutions of Eq. 2, we need to set the spin-nonconserving ∆m F = −1 rates γ 0,−1 and γ 1,0 to be zero, since there was no clear evidence for these events in the experimental data, as shown in the twelve relevant plots in Fig. 4 . To obtain upper bounds on these two rates, we take the fitted curves (solid lines) as an initial guess and numerically minimize the mean quadratic distance of the full numerical solutions of Eq. 2 to the experimental data. The optimized solutions are shown as dashed lines and deviate only slightly from the initial guess.
The resulting rates are shown in Fig. 5 . While the transition rates γ m F ,m F for ∆m F = m F − m F = +1 within the F = 1 manifold are both approximately equal to
the rates Γ m F changing the total angular momentum by ∆F = −1 decrease with increasing m F in the F = 1 manifold from
Note that the decay Γ 1 does not conserve the total spin of the atom-ion system. The rates changing only m F by −1 are hardly detectable in our experiment due to the dominating rates Γ 0 and Γ −1 .
C. Purity of atomic spin
The observed spin-nonconserving rates γ − and Γ 1 could be due to second-order spin-orbit coupling that was recently suggested as a source of spin-relaxation [37] . However, another possibility is that atomic spin impurities within the gas cause sporadic collisions that appear as spin non-conserving. In particular, we ex-pect the presence of atoms in the low-field seeking |3/2, 1/2 state due to imperfect optical pumping. When such impurity atoms collide with a spin-polarized ion, spin-allowed transitions such as |3/2, 1/2 atom |1, 1 ion → |3/2, 3/2 atom |0, 0 ion may occur that cannot be distinguished from spin-relaxation caused by majority atoms. In this subsection, we study the spin purity of the atomic cloud.
The spin of the atoms in the magnetic trap is polarized by applying a 150 µs σ + -polarized optical pumping pulse at the D1 transition while applying an additional magnetic field of 1.0 mT along the beam direction. Due to magnetic field inhomogeneities not every atom is in the correct magnetic field to be pumped resonantly to the desired |F = 3/2, m F = 3/2 ground state. To estimate the purity of the magnetically trapped 6 Li cloud in the |3/2, 3/2 state, we perform a Stern-Gerlach experiment. We abruptly displace the trap minimum radially by approximately 6 mm in less than a millisecond while keeping the gradient constant at g r = 0.22 T/m. To image the accelerating cloud, we switch off the trapping field after a variable time t SG . We wait 1 ms for the magnetic fields to settle and take an absorption image. After t SG = 11.5 ms the atoms in the |3/2, 1/2 state have separated from the main fraction in the |3/2, 3/2 state caused by the difference in magnetic moment, in agreement with simulations. To make sure we image both fractions equally well, we scanned the imaging laser frequency ±10 MHz around the resonance and average over the results. In order to obtain the fraction of |3/2, 1/2 atoms, we project the images along the vertical axes, as it is shown in Fig. 6 . The atoms in the |3/2, 1/2 state (left peak) did not pass the trap minimum at around 6 mm yet whereas the atoms in the |3/2, 3/2 state have reached their turning point at around 12 mm and show a long tail lagging behind, in agreement with simulations. Due to the lack of a suitable model, we fit the data with the sum of three Gaussian distributions (red, solid), one for the |3/2, 1/2 state and two for the |3/2, 3/2 state to model the tail of the distribution (red, dashed). By comparing the peak integrals, we obtain a fraction of N |3/2,1/2 = N |3/2,1/2 /N tot = 24(1) % of the atoms being in the undesired state. Due to the difference in magnetic moment, the spatial distribution for the |3/2, 1/2 state is expected to be broader than for the |3/2, 3/2 state. Thus the possibility to find an impurity atom at the ion's position, given byρ |3/2,1/2 = ρ |3/2,1/2 /ρ tot , is reduced with respect to the fractionÑ |3/2,1/2 . To estimate this ratio, we assume both fractions of the cloud to have the same initial size and temperature before they are loaded into the magnetic trap, justified by their origin from a compressed magnetooptical trap (cMOT). When transferring the atoms from the cMOT to the magnetic trap both temperature and size of the clouds change, depending on their magnetic moment, proportional to their m F quantum number at low magnetic fields. Using realistic parameters obtained from the experiment, we simulate this transfer to the magnetic trap followed by a combined compression and transport to the interaction zone within 135 ms. The temporal evolution of the cloud sizes is shown in Fig. 7 . While the cloud size in |3/2, 3/2 remains almost unchanged, the impurity fraction initially expands because of its weaker trapping potential. Thus we obtain a fractional density ofρ |3/2,1/2 ≤ 10 % at the position of the ion. Due to the increased cloud size, we assume to lose a large fraction of the impurity atoms during the magnetic transport by collisions with the ion trap electrodes such that the actual density fraction is expected to be lower than in the simulation. Furthermore, spin-exchange with majority atoms occurs, leading to the loss of the impurity atoms [52] . We justify these assumptions by performing the same Stern-Gerlach experiment as described above, but on the atoms that return after the interaction time, where we cannot observe an impurity spin signal anymore. However, since we cannot rule out the presence of some impurity atoms at the location of the ion, we treat the measured spin-nonconserving rates γ − and Γ 1 as an upper limit.
IV. THEORY
To explain the measured rates, we construct and solve a quantum microscopic model of cold atom-ion interactions and collisions based on the ab initio coupledchannel description of the Yb + /Li system we developed in Ref. [40] . As an entrance channel, we assume Li in a spin-polarized state and Yb + in a selected state, while all allowed exit channels are included in the model.
A. Spin exchange rates
To explain the observed spin-exchange rates, we perform ab initio quantum scattering calculations as implemented in Refs. [40, 53] . The Hamiltonian describing the nuclear motion of the Yb + /Li atom-ion system readŝ
where R is the atom-ion distance,l is the rotational angular momentum operator, µ is the reduced mass, and V S (R) is the potential energy curve for the state with total electronic spin S.Ĥ dip is the effective dipolar-like interaction. The atomic Hamiltonian,Ĥ j (j =Yb + , Li), including hyperfine and Zeeman interactions, is given bŷ
whereŝ j andî j are the electron and nuclear spin operators, ζ j is the hyperfine coupling constant, g e/j is the electron/nuclear g factor, and µ B/N is the Bohr/nuclear magneton, respectively. For the fermionic 174 Yb + ion, Eq. (4) reduces to the electronic Zeeman term. A magnetic field of 0.42 mT is assumed in all calculations, as used in the experiment.
We use potential energy curves for the a 3 Σ + and A 1 Σ + electronic states as calculated in Ref. [40] . The scattering lengths are fixed by applying uniform scaling factors λ S to the interaction potentials: V S (R) → λ S V S (R). We express scattering lengths in units of the characteristic length scale for the ion-atom interaction R 4 = 2µC 4 / .
We construct the total scattering wave function in a fully uncoupled basis set,
where m j is the projection of angular momentum j on the space-fixed z-axis, assuming the projection of the total angular momentum M tot = m f,Yb + + m f,Li + m l = m i,Yb + + m s,Yb + + m i,Li + m s,Li + m l to be conserved. We solve the coupled-channels equations using a renormalized Numerov propagator [54] with step-size doubling and about 100 step points per de Broglie wavelength. The wave function ratio Ψ i+1 /Ψ i at the i-th grid step is propagated to large interatomic separations, transformed to the diagonal basis, and the K and S matrices are extracted by imposing long-range scattering boundary conditions in terms of Bessel functions.
We calculate elastic K i el (E) and inelastic K i in (E) rate constants for collisions in the i-th channel from the diagonal elements of the S matrix summed over partial FIG. 9 . Spin-exchange transition rates for 171 Yb + versus collision energy obtained in coupled-channel scattering calculations for three sets of scattering lengths compared with measured rates (red/gray squares). Dotted lines are energyresolved rates and solid lines are thermally averaged rates. The lowest rates are obtained for aT = aS = R4 (light red/gray) and the highest for aT = −aS = R4 (blue/dark gray) within the three sets shown over a broad temperature range.
waves l,
and state-to-state inelastic K ij in (E) rate constants for the transition between i-th and j-th channels from the offdiagonal elements of the S matrix summed over partial waves l,
Here
is the i-th channel wave vector with E the collision energy and E ∞ i the i-th threshold energy.
The spin-exchange rates between different states of the Yb + ion colliding with Li atoms are calculated as a sum over all possible state-to-state transitions obtained with Eq. (6) . The exemplary decompositions of the total spinexchange rates for the |1, 0 and |1, −1 states of the 171 Yb + ion colliding with |3/2, 3/2 state 6 Li atoms are presented in Fig. 8 . The opening of relevant spin channels at an energy of 0.1 mK can be seen. These calculations also confirm that the ∆m F = +2 transitions are negligible at our experimental conditions. Spin-exchange rates depend on the difference between singlet and triplet scattering phases [38] . Results for the 171 Yb + ion are presented in Fig. 9 . It can be seen that even in the mK temperature regime the spinexchange rates still depend strongly on the difference between assumed singlet (a S ) and triplet (a T ) scattering lengths [43, 44] . To reproduce the large spin-exchange rates measured, the difference between the scattering lengths has to be close to the one that maximizes the scattering phase difference, that is |a T − a S | = 2R 4 , where R 4 = 1319 bohr for Yb + / 6 Li. Similar results are found for the 174 Yb + ion. If we take into account that part of the measured rates may be due to spinnonconserving transitions, the difference between singlet and triplet scattering lengths is still restricted to a large value R 4 < |a T − a S | < 3R 4 , assuming the largest measured values of the spin-nonconserving rates. The large difference between singlet and triplet scattering length also has another meaningful consequence, namely that broad magnetic Feshbach resonances can be expected when the s-wave regime of collisions is reached [38, 40] .
B. Magnetically tunable Feshbach resonances
To assess the prospects for the observation and application of magnetically tunable Feshbach resonances in cold Yb + / 6 Li collisions, we calculate thermally averaged rates for elastic and inelastic collisions as a function of a magnetic field between 0 and 1000 Gauss. We consider several possible entrance channels of the 174 Yb + / 6 Li and 171 Yb + / 6 Li systems at collision energies of E col /k B = 100 nK, 10 µK and 1 mK. We assume the difference between the singlet and triplet scattering lengths to be close to the one that maximizes the scattering phase difference, that is |a T −a S | = 2R 4 , to reproduce the observed large rates for spin-exchange collisions.
An example result for 174 Yb + / 6 Li is presented in Fig. 10 . Based on our detailed analysis, we can draw some general conclusions. First of all, for the assumed difference of the singlet and triplet scattering lengths, several measurable resonances are expected for experimentally accessible magnetic fields below 500 G for most values of M tot at the energetically lowest channels. For higher energy channels, the resonances start to be less pronounced due to possible spin-exchange losses. At the same time, however, magnetic resonances can be used to control spin-exchange rates to a large extent. For spin-polarized collisions or very energetic channels no Feshbach resonances are expected. The temperaturedependence visible in Fig. 10 is typical for all combinations investigated. For collision energies deep in the quantum regime E col = k B · 100 nK the Feshbach resonances are very pronounced. For E col = k B · 1 mK they are not present because of the contribution of many partial waves and thermal averaging. Finally, for E col = k B · 10 µK, which should be in reach in the present system [35] , elastic collisions are dominated by contributions from s-and p-waves only, and broad and measurable res- onances can be expected.
C. Spin-relaxation
The spin-nonconserving relaxation is governed by the effective Hamiltonian describing dipolar-like interaction between the electronic spins of the Yb + ion,ŝ Yb + , and the Li atom,ŝ Li [37, 55] 
where α is the fine-structure constant. The first term − α 2 R 3 describes the contribution due to the direct magnetic dipole-dipole interaction. The second and dominating term λ SO (R) describes the effective dipole-dipole interaction in the second order of perturbation theory due to the first-order spin-orbit couplings between the a 3 Σ + triplet electronic ground state and 3 Π electronic excited states. This interaction was identified as the main source of spin-nonconserving relaxation in the Yb + /Rb system [14, 37] .
The spin-orbit coupling coefficient λ SO (R) can be calculated from the energy difference between the a0 − and a1 relativistic electronic states [37] or using secondorder perturbation theory with non-relativistic electronic states and matrix elements of the spin-orbit coupling Hamiltonian between them [55] . Using the latter ap- proach, we calculate the spin-orbit coupling coefficient given by
where a 3 Σ + |H SO |b 3 Π is the matrix element of the spin-orbit coupling between the a 3 Σ + and b 3 Π electronic states. V b 3 Π (R) and V a 3 Σ + (R) are potential energy curves of the a 3 Σ + and b 3 Π electronic states which we calculated accurately in Ref. [40] . In Eq. (8) we neglected terms originating from the coupling between the a 3 Σ + triplet ground state and higher 3 Π states because these terms should be much smaller due to a smaller spinorbit coupling in the numerator and a larger energy difference in the denominator. The matrix elements of the spin-orbit coupling Hamiltonian, H SO , are evaluated using wave functions calculated using ab initio electronic structure methods from Ref. [56] .
The matrix elements of the spin-orbit coupling for the a 3 Σ + and b 3 Π electronic states are presented in the inset of Fig. 11 . The matrix element of the spin-orbit coupling for the b 3 Π electronic state b 3 Π|H SO |b 3 Π asymptotically reaches the value which reproduces the experimental spin-orbit splitting of the 3 P state of the Yb atom [57] . This confirms the quality of our calculations. The matrix element of the spin-orbit coupling between the a 3 Σ + and b 3 Π electronic states a 3 Σ + |H SO |b 3 Π decreases exponentially with the atom-ion distance as expected but at the equilibrium distance of the a 3 Σ + electronic state it still has a significant value of 323 cm −1 . The calculated second-order spin-orbit coupling coefficient λ SO (R) is presented in Fig. 11 . It decreases exponentially with the atom-ion distance but at the equi-librium distance and classical turning point of the a 3 Σ + electronic state it has a value of 4.1 cm −1 and 14.2 cm −1 , respectively. These values are an order of magnitude smaller than for the Yb + /Rb system [37, 58] and an order of magnitude larger than for neutral alkali-metal atoms [55] . The larger second-order spin-orbit coupling coefficient for the Yb + /Rb system is due to the small energy difference and crossing between the a 3 Σ + and b 3 Π electronic states and a contribution from the Rb atom to the spin-orbit interaction which is smaller for the very light Li atom. The spin-orbit coupling for neutral alkali-metal atoms is smaller because relativistic effects are smaller for alkali-metal atoms as compared to the heavy Yb + ion.
V. CONCLUSIONS
We have measured the spin dynamics of single trapped Yb + ions immersed in a cold cloud of spin-polarized 6 Li atoms. This combination is of significant interest as its large mass ratio may allow it to reach the quantum regime in Paul traps [31, 35] . We have observed very fast spin-exchange that occurs within a few Langevin collisions. Spin-relaxation rates are found to be a factor ≥ 13(7) smaller than spin-exchange rates in 174 Yb + . Spin impurity atoms in the atomic cloud may lead to apparent spin-relaxation, such that we interpret the observed relaxation rate as an upper limit. The observed ratio between spin-allowed and spin-nonconserving collisions is higher than those observed in Yb + /Rb [14] , where a ratio of 0.56 (8) was measured for Rb atoms in the stretched |F = 2, m F = 2 state. For Sr + /Rb [19] , both spin-exchange and spin-relaxation rates for Rb atoms prepared in the |F = 1, m F = −1 state are lower than the rates observed in this work and have a lower ratio of 5.2 (8) . For 171 Yb + , we have measured the decay channels of all spin states within the ground state hyperfine manifold and observe both spin-exchange and spin-relaxation processes. We have compared our measured rates to predictions from ab initio electronic structure and quantum scattering calculations and conclude that a large difference between singlet and triplet scattering lengths is responsible for the observed large spin-exchange rates, whereas small second-order spin-orbit coupling results in small spin-relaxation rates. These findings suggest good prospects for the observation of Feshbach resonances in the Yb + /Li system.
